The 2-oxoglutarate (2OG)-and Fe 2 þ -dependent dioxygenase AlkB couples the demethylation of modified DNA to the decarboxylation of 2OG. Extensive crystallographic analyses have shown no evidence of significant structural differences between complexes binding either 2OG or succinate. By using nuclear magnetic resonance spectroscopy, we have shown that the AlkB-succinate and AlkB-2OG complexes have significantly different dynamic properties in solution. 2OG makes the necessary contacts between the metal site and the large b-sheet to maintain a fully folded conformation. Oxidative decarboxylation of 2OG to succinate leads to weakening of a main contact with the large b-sheet, resulting in an enhanced dynamic state. These conformational fluctuations allow for the replacement of succinate in the central core of the protein and probably contribute to the effective release of unmethylated DNA. We also propose that the inherent dynamics of the co-product complex and the subsequent increased molecular ordering of the co-substrate complex have a role in DNA damage recognition.
INTRODUCTION
Alkylating agents constitute a large class of DNA-damaging agents that generate both mutagenic and cytotoxic DNA lesions. Much of our understanding of alkylation damage repair is from studies on Escherichia coli, in particular on the adaptive (Ada) response, which involves the upregulation of four genes: ada, aidB, alkA and alkB (Sedgwick et al, 2007) . The Ada protein is a multifunctional DNA methyltransferase that also acts as a transcriptional activator of the response. The exact function of AidB, a flavin-binding protein, remains to be explained and AlkA is a DNA glycosylase with a broad specificity. AlkB catalyses the demethylation of 1-methyladenine and 3-methylcytosine in DNA and RNA, coupled to the decarboxylation of 2-oxoglutarate (2OG) to succinate and CO 2 (Falnes et al, 2002; Trewick et al, 2002) . Homologues of AlkB have been identified in species ranging from bacteria to humans; eight human homologues (ABH) have been described, but only two, ABH2 and ABH3, are known to repair DNA/RNA damage (Duncan et al, 2002; Aas et al, 2003) .
The dioxygenase family to which AlkB belongs is ubiquitous and renowned for its catalytic versatility. Despite often low overall sequence similarity, these enzymes share an absolute requirement for Fe 2 þ and a near-absolute requirement for 2OG. They are characterized by a highly conserved metal-binding motif and 2OG co-substrate-binding motifs that are characteristic of different subfamilies. Crystallographic studies of the 2OG dioxygenases and related enzymes have shown a common double-stranded b-helix (DSBH) fold that acts as a platform for the presentation of conserved elements of the catalytic machinery. The structures mainly vary in the elements (including helices) that surround and support the core region and contribute to selectivity (Clifton et al, 2006) .
Crystal structures of AlkB and its human homologue ABH3 have shown similar overall folds (Sundheim et al, 2006; Yu et al, 2006) . The DSBH centre comprises a large b-sheet (formed by b-strands C1, C8, C3 and C6) and a smaller b-sheet (C2, C7, C4 and C5), which sandwich the metal-and cofactor-binding pocket (supplementary Fig S6 online) . Two distinct regions in the DSBH can be differentiated: the highly conserved metal-binding region, which contains the H 131 xD 133 x n H 187 Fe 2 þ coordinating triad presented by the minor b-sheet, and the major b-sheet, which contains the 2OG-binding R 204 xNxTxR 210 motif (numbering of the residues as in the AlkB structure; Yu et al, 2006) . The 1-carboxylate and 2-oxo groups of 2OG bind to the metal in a bidentate manner, whereas the 5-carboxylate of 2OG interacts by means of a hydrogen bond with Arg 210 and by means of a salt bridge with Arg 204 (Yu et al, 2006) . The DSBH core is supported by two amino-terminal a-helices and a small b-sheet (L1, L2 and L3) that acts as a substrate-binding lid. AlkB interacts with DNA by means of many hydrogen bonds between the nucleotide backbone phosphates and Thr 51, Tyr 76 and Arg 161. The methylated base is flipped out relative to the flanking bases and stacked in a hydrophobic cavity between residues Try 69 and His 131 with its methyl group pointing towards the metal (Yu et al, 2006) . Crystal structures have been reported for AlkB-metal complexes in the presence of 2OG and succinate, both with DNA. The ABH3 X-ray structure was solved in complex with 2OG but without DNA. None of the crystallographic studies on AlkB, nor those on any other member of the 2OG-dependent non-haem Fe 2 þ dioxygenase family, has shown significant changes in the overall protein fold induced by the presence or absence of metal, 2OG or succinate (Clifton et al, 2006) . The crystallographic data do not explain how AlkB discriminates between 2OG and succinate, neither do they show details about uptake and release of substrate and product, respectively. The nature of 2OG/succinate binding to 2OG oxygenases is also of interest, as abnormally high levels of the tricarboxylic acid cycle intermediates fumarate and succinate have been proposed to modulate the activity of 2OG oxygenases, including the prolyl hydroxylase domain enzymes, involved in the hypoxic response through competition for binding with 2OG (Selak et al, 2005; Hewitson et al, 2007) ; this competition is proposed as a molecular explanation for the Warburg effect in cancer cells.
To answer the question of how binding of 2OG and succinate is related to substrate specificity, we used an integrated approach involving structural and biophysical techniques. Here, we present evidence that AlkB undergoes a major transition in dynamics between the 2OG and the succinate complexes, and propose that this transition is important for the release of products from AlkB. Moreover, this dynamic behaviour might represent a general mechanism for regulating product release by 2OG oxygenases.
RESULTS

Circular dichroism spectroscopy
The effects of co-substrate (2OG) and co-product (succinate) binding on the secondary structure were investigated by using farultraviolet circular dichroism (CD) spectroscopy (Fig 1) . In this region, AlkB complexes show a negative band at 214 nm and a maximum at 195 nm. Spectral fitting indicates mainly b-sheet structure (39%) with a much smaller (o10%) helical contribution, which is in agreement with the X-ray structure (Yu et al, 2006) . The secondary structure content does not change significantly when either 2OG or succinate is bound.
Nuclear magnetic resonance spectroscopy
The one-dimensional (1D) 1 H nuclear magnetic resonance (NMR) spectrum of the AlkB-Fe 2 þ -succinate complex shows several resonances in the up-field methyl region (between 0.5 and À1.5 ppm; Fig 2) . However, the AlkB-Fe 2 þ -2OG complex shows significantly more resonances in this region. Increased dispersion and sharpening of these signals are consistent with a structural transition and the formation of a globular, rigidly tumbling domain. AlkB-Co 2 þ complexes also show more resonances in the up-field methyl region with 2OG than with succinate (Fig 2) .
The two-dimensional 15 N-1 H heteronuclear single quantum coherence (HSQC) spectrum of the AlkB-Fe 2 þ -2OG complex is well dispersed (Fig 2) and was suitable for backbone assignment, as described previously (Shivarattan et al, 2005) . Sixteen nonproline residues were not observed (total sequence 216 amino acids, 18 proline residues); most of these mapped to regions close to the metal centre coordinated to the protein by His 131, Asp 133 and His 187. The non-haem Fe 2 þ in 2OG-dependent dioxygenases can be bound in a paramagnetic high-spin (S ¼ 2) state (Solomon et al, 2003) . Increased spectral width allowed the observation of resonances experiencing pseudo-contact shifts in the 1 H NMR spectrum, confirming the presence of a paramagnetic centre. The spin-spin relaxation rate of nuclei proximal to a paramagnetic centre is enhanced owing to contributions from dipolar interactions with unpaired electrons, resulting in significantly broader and often absent resonances (Bertini et al, 2004) . Several broadened resonances fall outside the range influenced by the paramagnetic centre; most of these localize to the mobile substrate-binding lid and are most probably affected by conformational exchange.
The two-dimensional 15 N-1 H HSQC spectrum of the AlkBFe 2 þ -succinate complex is different from that of the 2OG complex (Fig 2) . Most notable is the decrease in the intensity of 13 peaks in the spectrum of the succinate complex. In the AlkB- ) and cofactor (2OG/succinate) to AlkB monitored by using far-ultraviolet circular dichroism spectroscopy. Ascorbate (1 mM) was added to keep Fe 2 þ in a reduced state. 2OG, 2-oxoglutarate; Asc, ascorbate; succ, succinate.
Molecular dynamics in AlkB-catalysed DNA repair B. Bleijlevens et al disappearing (red) and shifting residues (orange) on the crystal structure of the 2OG complex (Fig 3) shows that the affected residues are predominantly located in strands C1 and C8 of the large b-sheet, close to where 2OG makes contact with Asn 120. Interestingly, the B-factors of the various AlkB complexes do not indicate increased protein mobility in this region (supplementary Fig S6 online) . The NMR data also indicate increased dynamics in other parts of the protein, most notably strands L1 and L2 that form the DNA-binding lid. The two-dimensional NMR characteristics of AlkB reconstituted with Co 2 þ are consistent with those observed for the analogous iron complexes (supplementary Fig S7 online) . Equilibrium fluorescence experiments further support this idea of increased dynamics in the AlkB-succinate complex (supplementary information and supplementary Fig S8 online) . Clear differences are observed in the acrylamide fluorescence quenching characteristics between the succinate and the 2OG complex. All four tryptophan residues in the AlkB-Co 2 þ -succinate complex are accessible to solvent, characteristic of a relatively open and flexible complex. By contrast, tryptophan fluorescence in the AlkB-Co 2 þ -2OG complex is quenched less easily, which is indicative of a more rigid complex.
DNA binding
In light of the differences in protein dynamics, binding of single-stranded DNA to the AlkB-Fe 2 þ -2OG and the AlkB-Fe 2 þ -succinate complexes was studied by using isothermal N-1 H heteronuclear single quantum coherence (HSQC) NMR spectra of the AlkB-Fe 2 þ -2OG (black) and the AlkB-Fe 2 þ -succinate complex (red). Spectra were recorded at 303 K. Severely broadened residues are underlined. Only part of the shifting residues are labelled owing to space constraints; a complete list of shifting residues is presented in the supplementary information online. 2OG, 2-oxoglutarate.
Fig 3 | Stereo view of the structural changes in AlkB. Mapping of residues sensitive to the 2OG-succinate transition on the structure of AlkB. Shifting residues are shown in orange and disappearing residues in red, illustrating 'hot', flexible areas in the succinate complex. Residues in grey were not detected in the nuclear magnetic resonance experiments. The Fe 2 þ ion is shown as a blue sphere, and 2OG and DNA are shown as sticks. The side chain of residue Asn 120 interacting with 2OG is also shown as sticks. 2OG, 2-oxoglutarate.
Molecular dynamics in AlkB-catalysed DNA repair B. Bleijlevens et al titration calorimetry (ITC; Fig 4) . Binding affinities of several complexes were compared: (i) methylated DNA (meDNA) bound to AlkB-Fe 2 þ -2OG, as this is the starting point of catalysis; (ii) meDNA bound to AlkB-Fe 2 þ -succinate to assess the effect of increased protein dynamics; and (iii) unmethylated DNA bound to AlkB-Fe 2 þ -succinate, as this represents the final state complex after catalysis. We consistently observed biphasic binding isotherms for binding of meDNA to various AlkB complexes. As the 1 H NMR spectrum of meDNA showed no evidence of sample heterogeneity (data not shown), the biphasic binding curve is attributed to the presence of two AlkB species with different binding affinities for meDNA. The presence of the lower-affinity form is most probably due to the oxidative self-inactivation of AlkB, in which the proximal side chain of Try 178 is hydroxylated, resulting in subtle alterations near the active site, which is a commonly observed characteristic for this class of enzymes (Henshaw et al, 2004) . Furthermore, oxidation of Leu 177 in ABH3 (Leu 118 in AlkB) has been proposed to interfere with meDNA binding. Oxidation of this residue was observed in anaerobically prepared samples of both ABH3 and AlkB, indicating that this modification is generated during protein expression (Sundheim et al, 2006) . The idea that this modification might sterically interfere with binding of the methyl group of meDNA is supported by the current observations. However, at this stage, we cannot exclude the possibility of oxidation of the Fe 2 þ site in the course of the ITC experiment, possibly changing the affinity of the complex for DNA. Oxidative modifications did not seem to affect binding of unmethylated DNA, as the observed binding isotherms could be fitted to a one-binding-site model.
Binding of meDNA to the high-affinity AlkB-2OG complex is tight (k d1 ¼ 9.8±5.1 nM), as might be expected for an enzymesubstrate complex. The lower-affinity species binds to meDNA considerably more weakly (k d2 ¼ 287 ± 16 nM). Binding of meDNA to the AlkB-succinate complex (k d1 ¼ 16.9±11.7 nM, k d2 ¼ 454 ± 260 nM) is moderately weaker, suggesting that the increase in protein flexibility contributes to a reduced affinity for DNA. In the final state complex, the affinity of the AlkB-succinate complex for unmethylated DNA is significantly lower (k d ¼ 885 ± 115 nM). Our data show that binding of DNA is an enthalpically driven process that counteracts the large entropic contributions resulting from a higher degree of ordering in the DNA-bound complex (supplementary information online; supplementary Table 1 online). In the absence of DNA, our NMR data and the B-factors observed in the X-ray structure show that the substrate-binding lid is dynamic (supplementary Fig S6 online ; Yu et al, 2006) . We propose that on binding of DNA, this region becomes (more) structured, resulting in a decrease in entropy, which is compensated for by a large favourable enthalpic contribution. An earlier study reported a much lower affinity (k d B40 mM) for the interaction of AlkB with DNA than that reported here (Mishina et al, 2004) . We estimate that only a fraction of the protein in these experiments, which was purified endogenously from E. coli, contained both Fe 2 þ and 2OG, as we have measured similar binding curves for DNA binding to AlkB samples that were made completely devoid of metal (supplementary Fig S9 online) . Binding of T-1meA-T to an inhibited AlkB-Fe complex induced clear chemical shift changes (supplementary Fig S10 online) . Titration of meDNA to AlkB showed that these interactions are in a slow-exchange regime, which is Interestingly, the dynamic behaviour that we consistently observe for AlkB has not been reported previously for any of the related 2OG-dependent dioxygenases. Although conformational changes have been observed on substrate binding, X-ray crystal structures of the apo and holo forms of related enzymes show negligible structural differences (Clifton et al, 2006) , suggesting that this characteristic is perhaps generalized among 2OG-dependent dioxygenases that process large oligomeric substrates, such as AlkB. To investigate this issue, we examined another member of the 2OG-dependent, non-haem iron dioxygenases that acts on a large substrate: prolyl hydroxylase domain-containing protein 2 (PHD2), for which crystallographic data are available . The physiological substrate of PHD2 is the a-subunit of hypoxia-inducing transcription factor (HIF-a), a 92.6 kDa protein. The levels of HIF-a are regulated by PHD2 through the post-translational hydroxylation of either of two prolyl residues, which provide a signal for HIF-a degradation by the ubiquitin-proteasome system. PHD2 forms an unusually stable enzyme-Fe 2 þ -2OG complex, even under aerobic conditions (binding constants for Fe 2 þ and 2OG are 51 and o2 mM, respectively; McNeill et al, 2005) . AlkB has also been reported to co-purify with 2OG (Mishina et al, 2004) , suggesting that both AlkB and PHD2 share a common property of binding tightly to 2OG. Interestingly, the one-dimensional 1 H NMR spectra of PHD2 indicate that PHD2 shows changes in dynamics, similar to AlkB (Fig 5) . When in a complex with succinate and Fe 2 þ , PHD2 shows a limited number of up-field resonances together with other broad signals associated with protons in the immediate vicinity of the paramagnetic Fe 2 þ ion. The NMR spectrum of the 2OG-bound complex of PHD2 clearly shows an increasing number of up-field resonances indicative of a well-folded complex. In line with our observations with AlkB, complexes of PHD2 with Co 2 þ showed a similar behaviour (Fig 5) . These initial results on PHD2, a system closely related to AlkB, show that this distinctive dynamic behaviour is not restricted to AlkB.
DISCUSSION
From the X-ray data, we conclude that an important site of interaction of 2OG with AlkB is the side chain of Asn 120, which is in close enough in proximity to form a hydrogen bond with the 1-carboxylate site of 2OG, but not with succinate (supplementary Fig S11 online) . It is exactly this functional group that is released as carbon dioxide in the oxidative decarboxylation of 2OG to succinate. This results in the loss of contact between the organic co-substrate and Asn 120, breaking one of the connections between the two sheets of the DSBH. In addition, the resonance associated with Asn 120 in the HSQC NMR spectrum of the 2OG complex is broadened beyond detection in the spectrum of the succinate complex. Resonances assigned to neighbouring residues in the large b-sheet of the DSBH and the adjacent DNA-binding lid are also affected (Fig 3) . Indeed, mutation of Asn 120 to Ala renders the 2OG complex more dynamic, resulting in similar NMR spectral properties for both succinate and 2OG complexes (supplementary Fig S12 online) . In the N120A mutant, 2OG is no longer able to make the necessary contacts with the large b-sheet to maintain the active site geometry, contributing to a more dynamic 2OG complex. In this context, it is worth noting that the residue Asn 120 is conserved in six of the eight human ABH homologues of AlkB, most importantly in both ABH2 and ABH3, both of which are known to act on DNA/RNA. Mutation of the analogous residue in ABH3 decreases its activity by 60% (Sundheim et al, 2006) . In PHD2, Tyr 303 is in a position to form a hydrogen bond with the 1-carboxylate of 2OG and to perform a similar role (supplementary Fig S11 online) .
AlkB crystal structures show that the co-substrate and coproduct are deeply buried within the protein and no channels exist for the efficient replacement of succinate by 2OG. A transition to an open and dynamic state with increased accessibility to the active site provides a plausible mechanism for the release of succinate and replenishment of 2OG at the end of the catalytic cycle. Preliminary ITC data show that succinate is also efficiently replaced by 2OG when the AlkB-Fe 2 þ -succinate complex binds to DNA (data not shown). We also propose that the dynamic behaviour of the AlkB-succinate complex contributes to lowering the efficiency for DNA binding. The AlkB-2OG complex has a stable, preformed, DNA-binding groove together with a primed substrate-binding lid that provides all the necessary contacts for optimal substrate binding. Consequently, to reduce the affinity for DNA, substantial changes in the protein's configuration are required to weaken the nonspecific DNA-protein interactions and efficiently release the DNA product. The lowered affinity for product DNA and the dynamic state of the AlkB-succinate complex favour a more transient interaction with DNA that would promote one-dimensional scanning for further nucleotide damage. The inherent dynamics of the succinate complex assists in the replenishment of the catalytic active site with 2OG, whereas increased affinity for meDNA confirms damage and allows subsequent repair by the 2OG complex. The results for PHD2, which parallel those for AlkB, suggest that the formation of H nuclear magnetic resonance spectra of PHD2 complexes, at 298 K. 2OG, 2-oxoglutarate; PHD2, prolyl hydroxylase domain-containing protein 2.
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